 INTRODUCTION
In current scenario, alkali ion rechargeable batteries having high energy density are in great demand as energy storage sources for use in automobiles, handheld electronic machines, light electric vehicles, load leveling in electric power. 1 The electrolytes are ionic conductors which provide a medium for transfer of charge and metal ions inside the cell between negative and positive electrodes 2 . The charging and discharging processes demonstrate the efficiency of any rechargeable metal ion battery. The discharging capability of metal ion battery confides to a critical phenomenon in which metal ions and electrons can migrate through the electrolytes. The efficiency can be increased on reducing the path length over which the electrons and metal ions have to move by using nano-sized particles. 3 The electrolytes have a great significance, and can be characterized by certain basic properties. They should possess good ionic conductivity but not be electronically conductive, as this would cause internal short-circuiting. Other characteristic features are that it should not react with electrode materials, show good thermal stability and economical. Having these characteristics, electrolytes can be of different types depending on the composition of the cell: aqueous as well as non-aqueous electrolytes, ionic liquids, solid polymer electrolytes or ceramic/glassy electrolytes 4 . Aqueous electrolytes are metal ionic salts dissolved in an aqueous solvent. The main advantages of aqueous electrolytes are that they are economically viable and possess high ionic conductivity. Moreover, oxygen produced at the positive electrode diffuses through the separators and can be reduced to water at the negative electrode. This oxygen-cycle renders tolerance to overcharging, but on the other hand, the electrolytes have low decomposition voltage 5 (1.23 V). Due to their low electrochemical window, aqueous electrolytes cannot be used for high energy density rechargeable batteries. Although the problem of low electrochemical stability is somewhat resolved by eliminating oxygen by adjusting pH (10-13) value of electrolytes and by using carbon-coated electrode materials like LiTi2(PO4)3/LiFePO4, it is valid only for limited energy density metal ion batteries. 6 Recently, more advanced methods to access the aqueous regimes, namely the water-in-salt electrolytes, 7 have been proposed. These electrolytes, with higher concentrations of salt, expands the electrochemical window of water to ~3 V, which is quite interesting and opens up new avenues for further research.
Non-aqueous electrolytes are universal electrolytes for metal ion batteries as they have high electrochemical stability, high ionic conductivity and low viscosity. Non aqueous electrolytes used in commercial lithium ion battery are usually lithium hexafluorophosphate (LiPF6) which is dissolved in the mixture of ethylene carbonate (EC) with dimethyl carbonate (DMC), propylene carbonate (PC), diethyl carbonate (DEC) or ethyl methyl carbonate (EMC) 8 . Organic fluoro-compounds are one of the most promising electrolyte solvents for high voltage conditions, because these compounds have higher oxidation potentials due to the strong electron-withdrawing effect of the fluorine atom. 9 Since organic solvents are mostly volatile, flammable and have a low voltage stability of conventional carbonates, 10 searching for a high-voltage, non-flammable, non-volatile and electrochemically stable electrolytes has been much important for the development of high energy density metal ion battery. 11 Sulfones are known to have high resistance to both reducing and oxidizing conditions, which provide high electrochemical stability and energy density to the systems. 12 In particular, tetramethylene sulfone (TMS) gained lots of focus due to its high oxidation potential (> 6.5V) 13 , high polarity, high flash point (166 o C), boiling point (285 o C) and dielectric constant (44).
14 TMS based electrolytes were identified to have good cycling ability (1000 cycles) in a cell against high voltage 2 LiNi0.5Mn1.5O4 spinel cathode. 15 However, the practical applications of these electrolytes are very limited due to high viscosity (10.34 cp at 25 o C) and melting point (26 o C). 16, 17 Therefore, low conductivity and hindered ionic transportation of the electrolytes are observed between the electrodes. The problems of high viscosity might be reduced by addition of low melting and less viscous cosolvents. Some low melting point and less viscous organic carbonate i.e. dimethyl carbonate (DMC) having low melting point (3 o C) and viscosity (0.75cp at 25 o C) 17 are used to obtain the desired results, and it has been identified that mixed sulfone-carbonate based electrolytes yield excellent cathode function. 18 The advantages of using TMS are also due to its physical and chemical properties of pure and mixture with carbonates along with the formation of solid electrolyte interphase, ion diffusion and the interaction with the electrodes. Moreover, earlier studies showed that the sulfone based electrolytes have higher oxidative stability than the carbonates.
14 TMS has shown high electrochemical stability (~ 5V vs Li/Li + ). 19 Molecular simulations were also performed to investigate the effect of anion on the electrochemical stability of sulfones, and it was found that anions like BF4
-and PF6 -lower the oxidative decomposition of sulfones and provide more electrochemical stability 20 to the performance of battery. Therefore, in this study, we have explored the structure and dynamics of solution of LiPF6 with the mixture of TMS and DMC using classical molecular dynamics simulations. Our aim is to find the electrolyte with optimal ion diffusion from the study of various mole fractions of the mixture that can be used for the better performance of lithium-ion battery.
 COMPUTATIONAL METHODS
We applied a systematic computational approach to determine the chemical structural features and transport properties of the electrolytes that are useful for molecular level understanding of high-energy storage devices. Gromacs 5.0.4 package 21 was used for molecular dynamics simulations. For the packing of molecules in the investigated system, Packmol 22 package was used with 0.2 nm tolerance within a cubic simulation box. OPLS-AA (Optimized Potential for Liquid Simulations -All Atom) 23 force field has been used for DMC and TMS molecules. Gaussian 09 package 24 was used for initial geometry optimizations of molecules using B3LYP [25] [26] [27] method in combination with 6-311++G(d) 14 basis set. Frequency analysis was performed by the same method and basis set to confirm the optimized structure. RESP method 28 was used for fitting the charges using Antechamber module available in Amber software package. 29 Non-bonded parameters of Li + were taken from Lee and Rassiah's work 30 and PF6 -non-bonded parameters were taken from S. Balasubramanian's work. 31 Forcefield parameters are provided in Tables S1 and S2 in supporting information. The adopted force fields are nonpolarizable in nature. Recently, non-polarizable force field parameters were used for Li + cation and carbonates in a computational investigation reporting satisfactory accuracy. 32, 33 The use of polarizable force fields may affect the structure and dynamics of the electrolytes, however, the systematic validation is required for components present in our simulations with various concentrations and at different temperatures. With the absence of this approach, we prefer to use the non-polarizable force fields. Long-range electrostatic interactions were managed by particle-mesh Ewald (PME) method with a cut off distance of 1.2 nm and a grid spacing of 0.1 nm. van der Waals interactions were handled with cut-off distance of 1.2 nm. Energy minimization to relax the strained contacts in initial configuration was performed with the steepest descent minimization algorithm. All systems were heated at 500 K for 2 ns and subsequently cooled from 500 to 330 K in 5 steps each for 2 ns to employ the temperature tolerance relationship with systems. Afterwards, isothermal-isobaric (NpT) equilibration was done on the annealed systems for 10 ns with 1 fs time steps at 330 K temperature and 1 bar pressure to obtain the correct density for all the systems. 34 Subsequently, isothermalisochoric 35 (NVT) equilibration was performed for 10 ns with 1 fs time steps and finally, microcanonical ensemble 36 (NVE) simulation for 45 ns with 1 fs time step was performed to obtain the correct structural and dynamic properties of systems from the generated trajectory saved with an interval 2 ps. Trajectory Analyzer and Visualizer (TRAVIS) 37 package is used for the analysis of spatial distribution functions.
 RESULTS AND DISCUSSIONS
Section A. Mixtures of LiPF6 with various molar ratios of DMC and TMS 1. Structural properties. Initially, we performed simulations for pure (unmixed) DMC and TMS solvents with OPLS-AA force fields. After the initial NpT simulation, we calculated the density (Table S3 ) of the solvents to obtain the acceptance of the adopted force fields, and found good agreement with experimental values.
38, 39 For solvation structure, first we examined the structural snapshots obtained from the MD simulations of systems, which are shown in Figure S1 (a) and (b) in the supporting information document. Here, we show CPK model of the possible nearest molecules/ions within a distance of ~ 5 Å around the Li + cation. We examined the systems having LiPF6 in pure solvents: DMC or TMS only. We found that both the anion and DMC solvent molecules coordinated to the cation in LiPF6/DMC mixture, however only TMS molecules coordinated to cation in LiPF6/TMS mixture within the analyzed distance. The interaction between cation and anion is lesser in mixtures with TMS than DMC. Afterwards, we analyzed the structural snapshots (Figure 1 (a) , (b) and (c)) of systems having mixed solvents with different molar ratios as well. We do not find any anion around cation in a system having DMC and TMS molar ratio of 1:2 within the analyzed distance, and we observe that on increasing the number of TMS molecules in the mixtures, the separation between cation and anion becomes more according to the earlier observation. 18 All the analysis presented till now are based on few of the instantaneous snapshots obtained from the total trajectories. To get more information about statistically averaged structural properties, we 3 analyzed the radial distribution functions (RDFs) and spatial distribution functions (SDFs) from the MD trajectories of NVE simulations. RDF implies the 2-dimensional probability distribution of a particle at the distance r, from a reference particle and describes the solvation structure while analyzing mixtures through simulations.
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We focus on the distribution of anions around the cation which was taken as reference atom in unmixed solvent and we study the pair correlation of cation with F and P atoms of the anion. Figure 2 illustrates the RDFs of anions with the reference cation in pure solvents and their corresponding number integrals. RDF of cation (Figure 2a ) with phosphorous atom of anion (Li + -P) shows larger and sharper peak in DMC than TMS, and the most probable Li + -P distances are obtained as 3.2 and 3.4 Å with corresponding peak heights of 17.7 and 3.6 in DMC and TMS, respectively. On comparison of these RDFs with earlier studied 41 Li + -P interaction in DMC and ethylene carbonate (EC), we find a good agreement of Li + -P interaction in DMC and similar Li + -P correlation in EC as well as TMS. The distribution of F atoms of anion around the cation was also calculated to get an insight into the dissociation of cation-anion pairs. We find a sharper and larger peak of Li + -F RDF ( Figure 2b ) in DMC than the TMS, and the most probable Li + -F distances are found to be 2.4 and 2.5 Å with corresponding peak heights of 14.28 and 2.65 in DMC and TMS, respectively. From the comparison of peak heights of Li + -F, it is apparent that the ion pair separation will be more in TMS solvent than in DMC as it shows lesser interaction between Li + -F. The lower peak heights of Li + -P and Li + -F RDFs in TMS show an indication of greater propensity of cation-anion separation on addition of TMS solvent. The appearance of second peak in Li + -F RDFs in both DMC and TMS is due to the other F atoms in anion.
In addition to radial distribution functions, we also calculated the number integrals which illustrate the number density of atoms around the reference atom at distance r and is mathematically represented as:
where NI(r) represents number integral at distance r and ρB stands for atom density of surrounded particles. g(r) is the radial distribution function. The plateaus of number integral of Li + -P interaction in DMC and TMS ( Figure 2a ) illustrate that the first solvation shell occured between 4.5 and 5.5 Å. We found number density of around 1.04 for phosphorus around the cation in DMC solvent while it was found to be 0.25 in TMS solvent. The structural snapshots corresponding to these systems are in good agreement with radial distribution functions, and the number integrals within the first solvation sphere.
After observing the structural properties of cationanion distributions in pure solvents, we focus on mixed solvent systems. Numbers of cation, anion, and the solvent molecules comprising the systems with corresponding densities and box lengths are mentioned in Table 1 . The separation of cation-anion increases on adding TMS molecules and is found to be more in the system having DMC and TMS molar ratio of 1:2. Upper panels (a and b) of Figure 3 represent the radial distribution functions of P and F atoms of anion around cation. The most probable distances of Li + -P interaction are found about 3.2, 3.3 and 3.3 Å for 2:1(system 3), 1:1 (system 4) and 1:2 (system 5) molar ratios of DMC and TMS, respectively; the corresponding peak heights are observed at around 16.6. The number densities of anions are found to be 0.92, 0.87 and 0.82 around the cation in systems 3, 4 and 5, respectively. Another cation-anion correlation i.e. Li + -F interaction is shown by RDF and we observe the first peak maximum at ~2.4 Å with the peak height of 12.8, 11.9 and 11.5 for systems 3, 4 and 5, respectively.
To understand the solvation of cation, we studied the RDFs of Li + with Oc (carbonyl oxygen atom of DMC), Figure 3c , and Os (sulfonyl Oxygen atom of TMS), Figure  3d , of DMC and TMS, respectively. Comparing the Li + -O interactions of pure solvents, it is apparent that cations have more interaction with oxygen atoms of DMC than TMS. This can be attributed to the greater electron density on carbonyl oxygen than the sulphonyl oxygen. The RDFs LiOc and Li-Os pairs with number integrals are shown in lower panels of Figure 3 . The most probable peak of Li-Oc and Li-Os in pure solvents are observed at 2.3 Å with peak heights 33 and 19, respectively. This justifies that correlation between cations and oxygen atoms of TMS is lesser than that of DMC.
To understand the solvation of cation in mixed solvent, we calculated radial distribution functions of oxygen atoms of solvent around Li atom. (Panels c and d of Figure 3 ) The interaction of Li-Oc became less on addition of TMS molecules to pure DMC. However, the interaction of Li-Os became more on adding DMC molecules in TMS. We obtain similar peak heights for Li-Oc for different molar ratio mixtures of DMC and TMS at a distance of around 2.3 Å. The plateaus of number integral of Li-Oc interaction in mixed solvent system illustrate that the first solvation shell is filled between 3 and 4 Å and the coordination numbers are about 2.70, 1.98 and 1.27 around Li + for system 3, 4 and 5, respectively while this value is 4.42 around Li + in pure DMC. However, the peak heights of LiOs interaction was found to be around 22.7, 22.1 and 21.6 at 2.3 Å and the number density of oxygen atoms were 2.07, 2.96 and 3.79 around Li + for system 3, 4 and 5, respectively. This information leads to understand that more oxygen atoms of TMS are found around the Li + than the oxygen atoms of DMC. To get more insight into cationsolvent interactions in mixture of solvents, we calculated the SDF as shown in Figure S2 a-c. The TMS layer of SDF atom isosurface is shown by transparent isosurface in cyan color while DMC layer is shown by lime colored opaque isosurface. The observation leads to fact that the TMS molecules are more interactive towards the cation than the DMC in the system 5 which facilitates a better solvating environment of cation by former molecules. These SDF studies are completely in agreement to the analysis of RDFs.
To get more information about salt solvation in pure and mixed solvents, we also examined the anion Page 3 of 21
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Apart from these, we analyzed the clustering among the different groups present in the study to assess the number of ions remains free of aggregation with others. System 1 retains an average of 8. 39 Li + and 7.18 PF6 -free of agglomeration, with a cut-off distance of 4.4 Angstroms (This distance corresponds to first solvation shell in RDF of Li + -P interactions.). This only accounts for 27.96 and 23.93 % of Li + and PF6 -, respectively, and the rest remain aggregated on an average at any point of time. Such aggregations are an important factor to consider while studying electrolytic solutions, as it can have certain implications on the experimental perspective. The rest of the averages of non-aggregation are mentioned in Table S4 . From the data given in the table, it is quite evident that the number of isolated Li + and PF6 -ions increase with increase in composition of sulfolane. This supports the results so far exhibited by RDFs and other structural analyses.
Transport properties.
Transport properties of the analysed systems, such as diffusion coefficient and ionic conductivity are related to movement of particles and can be calculated using MD trajectories. Mean square displacements (MSDs) of ions and solvent molecules were used to get transport properties from MD trajectories using following equation.
where N is the total number of particles to be averaged, Einstein-Smoluchowski relation 44 was used for calculating diffusion coefficient and it is mathematically expressed as:
In the above formula, N stands for number of particles, t stands for time, r(t) is the position of analysed ion at time t and r(0) is the reference position. MSD can also be used for computing the ionic conductivity of the system through the Nernst-Einstein relation 45 and is expressed as:
where V is the simulation box volume, is Boltzmann's constant, T is the simulation temperature in K, q is the elementary charge and D + and D -are the diffusion constants of cation and anion, respectively. Initially, we calculated the mean square displacement to get diffusion coefficient of pure DMC at 298 K and plotted log(MSD) versus log(t) and β versus time and found that β values were ~1 within the simulation time of 5 to 20 ns. We obtain diffusion coefficient of 8.63×10
-6 cm 2 s -1 due to use of nonpolarizable forcefields which agrees with the earlier molecular dynamics study of dimethyl carbonate by Ruggero Caminiti et al. 46 The experimental value of diffusion coefficient of dimethyl carbonate at 303 K was found as 26×10 -6 cm 2 s -1 by Hayamizu et al. 47 We also calculated the mean square displacement of TMS corresponding to β(t)=1 and found diffusion coefficient 0.89×10 -6 cm 2 /s at 330 K. The diffusion coefficient of TMS was found to be much lesser than that of DMC owing to the higher density of TMS. The corresponding MSD and β(t) plots are shown in Figure S3 of supporting information. Figure S4 shows the diffusive motion of cation and anion for unmixed solvents. The first panel of figures represent the MSD plots versus time and second panel of figures represent log(MSD) plots versus log(t). We calculated the diffusion coefficient of cation and anion with the simulation time limit of 5 to 15 ns as the plot of log(MSD) versus log(t) show a straight line and the β(t) values show ~1 during the same simulation period.
(extreme right panel of the figure). Then, considering three different systems of DMC and TMS mixtures with molar ratios 1:2, 1:1 and 2:1, calculations were done for the diffusive motion of cation and anion. The diffusive motion of cation and anion for mixed solvent systems has been shown in Figure S5 . We calculated diffusion coefficients from the mean square displacement within the simulation time limits 5 to 22 ns for cation and 25 to 30 ns for anion, and we found that the cation and anion for all the systems are in diffusive regime. The values of diffusion coefficient 48 Considering the correlation of ions among each other, the mutual conductivity or the correlated conductivity was also calculated as per the following equation:
This equation takes into consideration all cation-cation, anion-anion and cation-anion interactions and averages those interactions over all frames of the simulation. This shows values relatively lower than that obtained from the Nernst-Einstein relation, similar to what was reported in literature. 49 These values are represented as the red line in Figure 5 . Comparing both the conductivity curves, it is notable that the trend remains the same. For systems 5, 4 and 3 the correlated ionic conductivities obtained are 0.32, 0.8 and 1.32 mS/cm, respectively.
Section B. Different concentrations of LiPF6 with fixed molar ratio of DMC and TMS (1:2)
We have discussed the solvation structure and transport properties of systems which have different molar ratio of DMC and TMS doped with fixed amount of LiPF6 and found that the system 5 ( corresponding to DMC:TMS as 1:2) may be used as one of the better stable solvents for Liion battery with compromise of lesser ionic conductivity. To understand the impact of concentration of LiPF6 on ionic diffusion and to find a solvent with optimal ionic conductance, we set up five new systems ( 5 a-e) by taking different amounts of LiPF6 and a constant molar ratio of DMC and TMS (1:2). We have shown details of no of chemical entitites with box length and density of corresponding systems in Table 2 .
Structural properties.
To obtain information about the solvation properties, we examined the structural snapshots of the systems within the first solvation shell after the MD simulations which are shown in Figure S6 of supporting information. In structural snapshots, we show the possible nearest molecules/ions around the Li cation in CPK model within a distance of ~5 Å. For lesser concentrated solutions, we obtained relatively weaker correlation between cation and anion i.e. there are only solvent molecules around the cation up to 1.09 M concentration and later we find more coordination of anion with cation. TMS molecules are also more attractive towards cation than the DMC molecules on increasing salt concentration. we analysed the RDFs and SDFs to get more information about structural properties. We focus on the cation-anion interaction which is shown by radial distribution functions of P and F atoms of anion around Li atom in the upper panel of Figure S12 for the various concentrations of salt in the mixture of two electrolytes. appearance of more numbers of ions around the TMS molecule. This can be justified by the solvent-salt interaction that is shown by spatial distribution functions of systems in supporting information ( Figure S8 ). Figure 6 is a representation of the changing coordination number values with respect to changing concentration of LiPF6, for all the interactions where the cation is involved. Changing concentration of the electrolyte salt does not affect the distribution of different moieties around the lithium ion. The mild increase or decrease observed in this plot are due to the changing number of ions in each case. The RDFs of anion-solvent interaction for various molar concentration of salt has been shown in Figure S13 . The maxima of PF6-Oc and PF6-Os interactions are found at a distance around 4.5 Å. First peak height of PF6-Oc RDF increases on adding salt ions and number integral also illustrates that the carbonyl oxygen atom density is surrounded towards Li + ion on increasing salt concentration. The peaks of PF6-Os RDFs also demonstrate that the anion-solvent correlation increases on adding salt to the system as the first peak height of PF6-Os interaction increases on increasing salt concentration. The second maxima of PF6-Os interaction is somewhat more sharp than the PF6-Oc interaction due to the presence of two sulfonyl oxygen atoms (Os) in TMS. Li + ions are more surrounded by DMC molecules than the TMS molecule in 0.54 M LiPF6 salt/solvent system while the TMS molecules get more surrounded towards the cation on increasing salt concentration from 0.54 to 0.72 M.
2.Transport properties. Einstein-Smoluchowski relation
was used to calculate MSD data, which were shown in left panels (a and d) of Figure S7 , and then, β(t), which is the first derivative of log MSD with respect to log t, was calculated to get diffusive regime (Panels b and e). It was found that the simulation time between 5 to 13 ns for cation diffusion and 5 to 12 ns for anion diffusion show β values ~1 (Panels c and f) in various concentration of salt/solvent systems. We used this simulation time limit for the calculation of diffusion coefficient of cation and anion. We also plot log(MSD) versus log(t) within this simulation time limit and found a straight line for cation as well as anion in various systems which was also shown in panels b and e. The values of diffusion coefficients are shown in Figure 7 . A high diffusion coefficient of anion is obtained for 0.52 M LiPF6 and later it decreases readily on increasing salt concentration. The reason of high diffusion of ions at low concentration can be explained by the structural properties of this system: DMC and TMS molecules have more coordination towards cation than the anions. The diffusion coefficient of cation decreases on increasing the salt concentration because the distribution of cation and anion are decreased across the electrolyte which we have already discussed in structural properties of the systems. The effect of ionic conductivity on changing salt concentration has been shown in inset of Figure 7 . Initially, system shows more ionic conductivity of LiPF6 and then it decreases on adding salt concentration due to less diffusive motion of ions. Spatial distribution functions ( Figure S8 ) of salt-solvents show that there is very less contribution of anion around DMC as well as TMS for the 0.52 M salt/solvent system which can justify the large value of ionic conductivity of this system than others. System with 0.54 M salt concentration shows highest ionic conductivity, but thermal stability of LiPF6 may be decreased due to high Li-F interaction. System, which has 0.90 M salt concentration show higher ionic conductivity than the 0.72 M salt system and this system, also has a better thermal stability. We can propose this system to be used as a good electrolyte for the better performance of battery than other systems.
Section C. Effects of temperature for the optimal diffusion of ions
To understand the effect of temperature on the structure and efficiency of the LiPF6/TMS/DMC electrolyte system, simulations were carried out over a temperature range of 260-360 K with a gap of 10 K. The system with 2:1 molar ratio of TMS: DMC was chosen to conduct this study. From the RDFs calculated at various temperatures, ( Figure  S14 ) it is understood that the peak height undergoes little change with change in temperature accompanied by no difference in distances. The most probable distances for Li-P interactions was found to be at 0. 33 + decreases with increase in temperature. A similar maximum is also observed for Li-O of DMC interactions at 2.3 Å. Also, an overlapping second maximum is observed for Li-O interactions at ~4.7 Å with respect to TMS and ~4.4 Å with respect to DMC. Figure 8 shows the changing coordination numbers with respect to change in temperature, and it is observed that these values remain almost same throughout. From this, it may be concluded that the distribution of different groups around the Li + ion does not undergo much changes with change in temperature, but the way they interact does undergo changes.
The panels, a and d, in Figure S9 show calculated MSD of the system at various temperatures. The related β(t) values can be seen in the panels, c and f, of the same figure. β(t) values show the diffusive regime to be 6-18 ns for both cases, with PF6 -anion exhibiting lower β(t) values at 260, 270 and 280 K. This time period was used for calculating the diffusion coefficients. The increase in values of diffusion coefficients is observed with increase in temperature. Consequently, ionic conductivity, calculated from diffusion coefficients, also showed similar characteristics, which is represented in Figure 9 . The correlated conductivity equation yields lower values for the ionic conductivity, and this is expected since this equation takes into consideration of all anion-anion, anion-cation and cation-cation interactions. Correlated ionic conductivity will have lesser values as all ions move quite slowly at low temperatures and the diffusivity of one ion depends on the motion of all the other related ions, unlike the case of Nernst-Einstein equation where only self-diffusivity of the ion is considered for ionic conductivity calculations.
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The conductivity of the ions, which was calculated both by means of Nernst-Einstein relation and correlated conductivity equation is analyzed in terms of Arrhenius exponential function. The Arrhenius equation can be used to derive the activation energy of conduction for ions:
Since, this is similar to an equation of a straight line, a graph can be plotted for ln σ with respect to 1/T to obtain a straight line with slope -Ea/kB. (inset panel A of Figure 9 ). Here, the activation energy for ionic conduction is calculated to be 5.4903 x 10 -20 J (0.3426 eV). Previously, Hayamizu reported similar graphs for a system of LiPF6 in EC/DEC mixtures. 50 There was also a report of activation energy for lithium ions to be ~0.53 eV in a thin film cathode using electron strain microscopy. 51 In this study, the activation energy corresponding to the correlated conductivity is found to be 4.5202 x 10 -20 J (0.2821 eV). These observations may be due to the fact that the activation energies decreases systematically with decreasing viscosity of the system due to increase in temperature. We also present the degree of ionicity, the ratio of correlated conductivity and the value obtained from Nernst-Einstein relation, in the inset panel B of Figure 9 . This quantity primarily provides the deviations from Nernst-Einstein relation due to formation of aggregation involving ions. The molecular and structural effect that controls the degree of ionicity usually originates from both ion-ion and ion-solvent interactions. The degree of ionicity decreases with temperature, however noticeable change in coordination number of cation-anion is not observed presumably due to presence of other solvent molecules.
 SUMMARY AND CONCLUSIONS
We performed classical molecular dynamics simulations to investigate structural and transport properties for DMC/TMS/LiPF6 systems by using different molar mixture of DMC and TMS as well as LiPF6. Sulfolane has high electrochemical stability window and very high flash point than the carbonates based electrolytes but former molecule is also more viscous and less diffusive. Most of the electrodes consist of active material mixed with an electron conductor and a polymer and the volume among the particles of electrodes should be filled with electrolytes. Hence we need less viscous, more diffusive as well as more thermal stable electrolyte. Therefore, DMC was added as a cosolvent to reduce the viscosity of systems. Initially, we calculated Li-P and Li-F interactions for unmixed solvent systems and found weak interaction of Li-F in TMS, which illustrates that the salt is more stable in TMS than DMC. Analysis of cation-anion and cation-solvent interactions in mixed solvent systems indicate that Li + ions have more tendencies to coordinate with TMS while anions coordinate with DMC during the solvation of LiPF6 in DMC and TMS solvent with the molar ratio of 1:2. A result of diffusion coefficient of ions in the mixed and unmixed solvent system indicate that the diffusive motion of ions is more in dimethyl carbonate and it decreases readily on increasing the molecules of TMS. We took the system 5 and changed the molar concentration of LiPF6. Analysis of different molar concentration of salt/solvent systems indicates that the diffusive motion of ions is faster for lowest concentration of salt because cations as well as anion are more coordinated towards the dimethyl carbonate as it has more diffusion coefficient than the sulfolane. The ionic conductivities of ions with different concentration of salt also indicate that the systems with 0.52 M to 0.90 M concentration of LiPF6 show more diffusive motion than the other systems having higher concentration of salt. The presented results of our simulations offer a systematic and comprehensive study of intermolecular interactions of cation-anion, anion-solvent and cation-solvent at a molecular level, which will help to understand the solvation structure and the transport properties of ions in more detail. Moreover, the appropriate electrolytes can be designed taking into account of the optimal ion diffusion for the better performance of Li-ion batteries.
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The forcefield parameters, additional figures and xyz coordinates of gas phase clusters are given as supporting information. "This material is available free of charge via the Internet at http://pubs.acs.org."
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